Partially hydrolyzed whey formula intolerance in cow's milk allergic patients
To the Editor, Cow's milk allergy (CMA) is one of the most common food allergies in young children, affecting 2%-3% of the pediatric population (1). Hypoallergenic formula is recommended for infants with CMA who are not breastfeeding (2) . Extensively hydrolyzed or amino acid-based formulas are tolerated in over 90% of infants with CMA (2). However, these formulas cost more than standard formulas and are less palatable (2). Cow's milk allergy is due to immunoglobulin E (IgE) production against proteins in cow's milk (3). The major proteins in cow's milk are casein (alphaS1-, alphaS2-, beta-, and kappa-caseins) and whey (alpha-lactalbumin, beta-lactoglobulin, bovine lactoferrin, bovine serum albumin, and bovine immunoglobulins) (3). Caseins, alpha-lactalbumin (ALA), and beta-lactoglobulin (BLG) are the major cow's milk allergens, with many individuals cosensitized (3).
Partially hydrolyzed whey formula (pHWF) is not currently recommended for patients with CMA (2). Prior European studies evaluating the allergenicity of infant formulas reported that 40%-60% of patients with CMA can tolerate pHWF (4) (5) (6) . However, these studies were performed on sample sizes of 8 to 25 subjects over 15 years ago (4-6), and current rates may differ. In this study, we sought to characterize the current prevalence of pHWF tolerance among US patients with CMA.
We previously described the immunologic profile of a child with CMA who tolerated pHWF (7) . This patient was sensitized to casein only, which was consistent with her tolerance of whey-based pHWF. This case suggested that there could be clinical utility to assessing sensitization to individual cow's milk proteins because doing so could identify CMA individuals able to take pHWF (2, 7) . Prior studies evaluating tolerance to pHWF in CMA patients did not examine cow's milk component testing in relation to pHWF tolerance (4) (5) (6) . An additional goal of this study was to identify the clinical and immunologic characteristics of patients with CMA who tolerate pHWF.
Methods

Participants
All patients age 6 months to 18 years with CMA seen at the pediatric allergy/immunology practices at the Mount Sinai Health System (New York, NY, USA) between March 2015 and December 2015 were eligible and invited to participate. CMA was defined as an allergic reaction to milk within 6 months before study entry, and a milk-specific IgE (sIgE) level or skin prick test (SPT) highly predictive for clinical reactivity (sIgE > 2kU A /L if ≤age 2 years, sIgE > 5 kU A /L if >age 2 years, or SPT wheal diameter ≥3 mm).
Oral food challenges
All subjects underwent an OFC to pHWF (Gerber Good Start Ò ) with administration at 15-minute intervals of incremental amounts (15, 30, 75, 120 ml) for a total of 240 ml, a typical serving of cow's milk. Gerber Good Start Ò is marketed as a 100% whey protein-based formula, although it is not marketed or recommended for children with CMA (2). In children in whom anxiety may have contributed to symptoms, single-blinded placebo doses were also administered. If major signs or symptoms of an allergic reaction arose, the challenge was stopped and treatment was administered.
Immunoblotting
Immunoblotting against cow's milk and pHWF was performed with serum from each patient and a non-atopic individual as a negative control (NC). Alkaline phosphatase-conjugated goatanti-human IgE was used as a secondary antibody. Immunoblots were developed with phosphatase substrate.
SPT and sIgE testing to milk and milk components
All subjects underwent SPT to 1:1 dilution of pHWF; 1:10 dilution of pHWF; casein, BLG, cow's milk, saline, and histamine. Serum testing was also performed via Phadia ImmunoCAP included specific IgE (sIgE) to cow's milk, BLG, ALA, and casein. These were done prior to the OFC by a blinded individual provider.
Epitope studies
A Luminex-based peptide assay (LPA) was performed using serum from each participant, an atopic control without CMA, and two pools of sera from patients with CMA. We examined binding to cow's milk epitopes that were previously found to be informative in CMA, including epitopes from casein (as1-casein, as2-casein, b-casein, and j-casein) and whey proteins (b-lactoglobulin) (BLG) (8) . Analyses for differential epitope binding based on sensitization (using sIgE and SPT to cow's milk, casein, BLG, ALA, and pHWF each as variables) were performed using DESeq2. p values were adjusted for multiple comparisons using the Benjamini-Hochberg method.
Results
Oral food challenge results
The first 10 subjects all had reactions to pHWF during OFC, indicating lack of tolerance. Characterization of the reactions including symptoms and amount ingested is summarized in Table 1 . There were no serious adverse events. Statistical analysis showed that with 10 experimental subjects and an observed reaction rate of 100%, additional recruitment was statistically unlikely to yield different outcomes (i.e, pHWF tolerance) at >99% power. Given risks to subjects from continued symptomatic OFCs, we ended recruitment after these 10 patients all failed to tolerate pHWF.
Clinical characteristics and immunologic profiles of the participating subjects
The participants ranged from toddlers to school-age children (Table 1) with the majority male (80%) and Caucasian (80%).
Half had a family history of atopic conditions, and 60% reported comorbid atopic dermatitis and asthma. None of the patients were tolerating baked milk at the time of study entry, which differs from prior studies reporting tolerance of baked milk in 75% of patients with CMA (9).
Immunoblots
Immunoblots of patient serum against cow's milk demonstrated binding to proteins at 14, 18, and ≥20 kDa, corresponding to ALA, BLG and casein and its aggregates, respectively (Fig. 1a) . Immunoblots of patient serum against pHWF did not demonstrate binding to proteins at 14 and 18 kDa, corresponding to ALA or BLG, respectively, in the majority of patients (Fig. 1b) . However, 80% of patients demonstrated binding to molecular proteins ≥20 kDa, corresponding to casein and its aggregates which were shown to be present in pHWF.
Sensitization to milk and milk components
SPT and sIgE results of the individual patients as well as summary statistics are shown in Table 1 . Participants 1-7 were cosensitized to casein and whey proteins, participants 8 and 10 had a predominately casein-specific sensitization, while participant 9 had a predominantly whey-specific sensitization.
Pearson correlations between skin and serum sIgE test results are shown in Fig. 2a . Within our sample, skin and serum test results were not significantly correlated with one another. Significant correlations were only seen within testing modality (sIgE or SPT). sIgE to cow's milk was highly correlated with sIgE to casein and BLG.
Differential epitope binding by Luminex-based peptide assay
Eleven cow's milk epitopes had differential binding (P adj < 0.05) associated with casein sIgE and/or cow's milk SPT (Fig. 2b) . Ten of these 11 were casein epitopes.
Discussion
We observed 0% tolerance of pHWF among 10 US children with CMA, which is in contrast to previously reported rates of 40%-60% tolerance in European children with CMA (4-6). We ended this study early because of the low tolerance rate and statistical determination that further recruitment was unlikely to yield different outcomes in our patient population. SPT and sIgE profiling to cow's milk and components ranged widely among the study participants. Immunoblots and LPA suggested that residual caseins in pHWF were responsible for our patients' allergic reactions to pHWF.
The small sample sizes of our and previous studies (4-6) of pHWF in CMA patients, as well as population differences (e.g., European vs. US, temporal differences in milk allergy), may account for the disparate rates observed. Additionally, given our strict inclusion criteria and referral population, it is possible that our study population had more severe CMA phenotypes. In contrast to previously published studies examining pHWF tolerance in CMA individuals (4-6), we rigorously characterized participants' milk component and immunologic profiles via immunoblot and LPA. Rugo et al. reported positive SPT to pHWF in 6 (35%) of 17 individuals, detectable sIgE to pHWF in 7 (70%) of 10 individuals, and clinical reactions to pHWF on OFC in 5 (64%) of 8 participants (6). Giampietro et al. reported 10 (32%) of 31 subjects with CMA had a positive SPT to pHWF with 9 (36%) of 25 participants reacting to pHWF on OFC (4). Ragno et al. demonstrated positive SPT to pHWF in 9 (45%) of 20 subjects, positive sIgE to pHWF in 13 (65%) of 20 subjects, and 9 (45%) of 20 children reacting to pHWF on OFC (5) . Because most of these previous studies only reported sensitization to whole cow's milk and pHWF with no component or other analyses, conclusions regarding the immunologic phenotype of CMA patients tolerant of pHWF could not be made (4) (5) (6) .
The milk component testing we performed included SPT and sIgE to casein and whey proteins (BLG and ALA), the main proteins in cow's milk (3). Based on this component testing, we were able to identify patients with casein-predominant CMA, whey-predominant CMA, and casein and whey cosensitization. Despite this range of sensitization phenotypes, no participant tolerated pHWF. Our results suggest that examination of milk components is not helpful in identifying CMA patients tolerant of pHWF. Our initial hypothesis, based on a prior case report (7) of a child with casein-specific allergy and tolerance of pHWF, was that individuals with casein-specific SPT and sIgE would pass their pHWF OFC. This was not the case, as participant numbers 8 and 10 fit this optimal sensitization profile and did not tolerate pHWF.
The immune profiling we conducted (immunoblots and LPA) provided additional information that previous studies lacked. Immunoblotting of patient serum against pHWF (Fig. 1 ) demonstrated binding to casein and its aggregates, which one would expect to be essentially absent in pHWF. The presence of residual casein in pHWF has been reported previously (6, 10 ) and found that pHWF had 100 times the amount of detectable casein and 700 times the amount of detectable whey proteins compared to Alimentum Ò (10). Specifically, pHWF was noted to have identifiable casein protein in the range of 15.5-38.2 lg/ml compared to 0.63-0.71 lg/ml in Alimentum (10) . Additionally, SDS analysis of pHWF clearly demonstrated peptide fractions >4 kDa, with it being known that peptides >3.4 kDa can produce allergic symptoms (10). More recently, Lee et al. reported binding to casein proteins on immunoblots of pooled sera from subjects with CMA against pHWF (7) . Similarly, Catala-Clariana et al. identified casein proteins, specifically b-casein, as1-casein, as2-casein, and j-casein, to be present in pHWF as well as whey protein, BLG (11) . We hypothesize that residual casein contributed to the lack of tolerance to pHWF observed in our study, particularly in the patients with a predominantly caseinspecific CMA. By including LPA in our immune profiling of subjects, we demonstrated statistically significant differential binding of 10 casein protein epitopes based on cow's milk SPT and casein sIgE. Only one whey protein epitope, betalac-15, was found to have a statistically significant association with cow's milk SPT. The differential binding of primarily casein epitopes highlights the predominance of casein sensitization and further supports the concept of residual casein contributing to lack of pHWF tolerance. This study has several strengths. Reactivity to pHWF was confirmed for all participants based on OFC. Thorough immunologic evaluations, specifically cow's milk components, were performed to characterize participants' CMA. Our study population comprised a range of clinical CMA with all relevant phenotypes (casein and whey cosensitization, casein-predominant and whey-predominant sensitization) included. Immunoblots and LPA further clarified the lack of tolerance to pHWF in patients with casein-predominant sensitization by demonstrating the presence of residual casein in pHWF.
We recognize this study's limitations. First, while our study sample was small, statistical calculations based on all 10 subjects reacting to pHWF indicated that there was no marginal benefit to continued recruitment. The component correlation and epitope analyses may have yielded additional findings with a larger sample. Second, there was likely referral bias in our participants, as the subjects' uniform lack of tolerance to baked milk at study entry suggests a bias toward a more severe CMA phenotype that may be less amenable to any degree of tolerance. A study of pHWF tolerance in baked milktolerant CMA children is worthwhile to consider. Our cohort spanned a range of ages, and our findings may have differed had our population included only young children. Finally, because our single-center cohort was predominantly male and Caucasian, additional studies are needed to assess the generalizability of our findings to other populations.
Conclusions
Our findings support current recommendations that partially hydrolyzed whey formula should not be recommended for individuals with CMA (2). While there are reported individuals with CMA tolerant of pHWF (4-7), our current USbased study suggests that the prevalence of pHWF tolerance is far lower than previously reported in earlier European studies. Our study also indicates that, at present, there is no reliable immunologic testing to identify these individuals. Our findings additionally suggest that evaluation of CM components is not clinically beneficial in the routine evaluation of CMA.
